D escenDing transtentorial herniation (DTH) consists of herniation of supratentorial structures through the tentorial hiatus into the posterior cranial fossa. This phenomenon usually results from increased pressure in the supratentorial compartment that is related to the presence of a mass lesion. 5, 11, 14 More rarely, DTH has been described in the absence of mass lesion as a complication of rapid correction of hyponatremia, with subsequent swollen brain parenchyma, or lumbar CSF drainage in the presence of open skull. 13, 16, 18 If the supratentorial pressure is not promptly relieved, the evolution of this condition may lead to acute sufferance (i.e., distortion and compression) of the brainstem, which is associated with a dismal prognosis. 8, 17 We report the management of a case of trapped fourth ventricle complicated by DTH, in the absence of increased pressure or mass lesion in the supratentorial compartment. Indeed, DTH resulted from a negative pressure gradient between the fourth ventricle and the supratentorial compartment. The pathogenesis and treatment of this extremely rare condition is thoroughly discussed.
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case report
A 17-year-old boy in whom a ventriculoperitoneal (VP) shunt with a medium-pressure valve had been implanted for neonatal posthemorrhagic and postinfectious hydrocephalus showed compensated trapped fourth ventricle at abbreviatioNs DTH = descending transtentorial herniation; VP = ventriculoperitoneal. submitted November 4, 2014 . accePted March 23, 2015 . iNclude wheN citiNg Published online July 24, 2015; DOI: 10.3171/2015.3.PEDS14619. disclosure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. routine neuroimaging examinations. Neurological examination, which showed moderate cognitive delay and mild tetraparesis with hypertonus, had been stable throughout the previous follow-up. Recent MRI sequences showed increased size of the trapped fourth ventricle (Fig. 1A and B) associated with the onset of diplopia and dysphagia, progressively worsening in the last 3 months.
Thus, endoscopic aqueductoplasty with stenting via a suboccipital approach was performed. Radiological control examination confirmed the good result of the endoscopic procedure (Fig. 1C and D) . After a transient period of good neurological condition, the patient's complaints recurred and neuroimaging control examination showed malfunctioning of the stent (Fig. 1E and F) . A radioscopic injection test performed through the reservoir connected to the stent showed communication of the fourth ventricle, with the posterior portion of the third ventricle not communicating with the remaining supratentorial system. Therefore, a second VP shunt with a medium-pressure valve was placed in the fourth ventricle and the patient was discharged without neurological complaints.
Two weeks later, the patient presented with headache, dizziness, and vomiting, consistent with raised intracranial pressure. CT scans showed dilation of the supratentorial ventricular system, consistent with malfunctioning of the supratentorial VP shunt, although the size of the fourth ventricle appeared significantly reduced ( Fig. 1G and H) . In spite of this radiological picture, surgical revision disclosed a correctly working supratentorial VP shunt and CSF examination ruled out any infection. However, the patient's neurological status continued to worsen, with onset of coma (Glasgow Coma Scale Score 7), miotic isocoric pupils with weak light reflex, bradycardia, and increased hypertonus, mainly in the right side. CT scans showed increased dilation of the supratentorial ventricles, with a diverticulum of the left lateral ventricle herniating through the tentorial hiatus. Thus, both shunting devices were exteriorized. Despite this maneuver and very low draining pressure of the external drainages, supratentorial ventricles remained large and the patient did not improve. Finally, an overdrainage of the fourth ventricle was hypothesized and the fourth ventricle external drainage was accordingly set at a 5-cm higher draining pressure than the supratentorial drainage. Thereafter, patient progressively recovered and CT scans showed resolution of the DTH. Then, endoscopic aqueductoplasty with stenting via a frontal approach was performed ( Fig. 2 ) and a single VP shunt was internalized; a third ventriculostomy was concomitantly performed.
The postoperative course was uneventful and CT scans confirmed the correctly working stent, thus balancing the pressure between supratentorial and infratentorial compartments ( Fig. 1I and J) . Although MRI studies performed 1 month after the occurrence of DTH showed signs consistent with previous sufferance of the brainstem (Fig. 3) , the neurological status of the patient slowly recovered with rehabilitation therapy and he had returned to the preoperative neurological status at 1-year follow-up.
discussion
Trapped fourth ventricle is a form of loculated hydrocephalus in which posthemorrhagic and postinfectious origins are usually recognized. 3, 10 It may present with symptoms and signs of brainstem and cerebellar compression, thus requiring treatment to relieve pressure on these vital structures. However, the indications for the treatment of trapped fourth ventricle are not always so clear, because neurological symptoms may present more subtly. 12 Moreover, this condition may even be asymptomatic, therefore not requiring any treatment. In such cases, the association of marked enlargement of the fourth ventricle depicted in radiological studies with a clinical picture characterized by stable neurological parameters at presentation and at follow-up constitutes the so-called compensated trapped fourth ventricle. On these grounds, strict indications for treatment are advocated. 28 In our case, the clinical and neurological status remained stable for a long time until the onset of new symptoms of oculomotor impairment and mild increase of the fourth ventricle dilation. The main treatment options consist of microsurgical fenestration through a posterior fossa craniotomy/craniectomy with or without placement of a stent to the spinal subarachnoid space, to achieve a diversion of CSF, or a fourth ventricle shunt, either separate or connected via a Y-shaped connector with a supratentorial ventricular catheter. 4, 15, 21, 25, 27 The advent and recent evolution of endoscopy has introduced new options in the treatment of this condition. In fact, an internal CSF diversion channel for trapped fourth ventricle may be achieved with aqueductoplasty, with or without aqueductal stent placement, or by fenestration of the superior medullary velum. 3, 6, 7, 20, 22, 24 This procedure is not devoid of complications; it carries a risk of midbrain injury, with neurological defects such as dysconjugate eye movement and Parinaud syndrome. It may be performed by approaching the aqueduct from above, when the supratentorial ventricles are dilated, or from below with a suboccipital approach, usually when a working CSF shunting device is present. 9, 19 In the present case, the endoscopic procedure was initially performed through a suboccipital approach because the supratentorial ventricles were slit due to the working shunt. Unfortunately this procedure did not succeed, and the stent was converted to a fourth ventricle-peritoneal shunting device, distinct from the supratentorial shunt.
The presence of 2 shunting devices, in spite of the same draining pressure of their valves, progressively led to the radiological picture of DTH of a diverticulum of the trigone in the left ventricle. This is probably due to the different design of the 2 diversion systems; the supratentorial shunt had a proximal valve, whereas the infratentorial had a distal valve that is more prone to siphoning and overdrainage.
According to our hydrodynamic hypothesis, the infratentorial shunt brought about a negative pressure gradient between the supratentorial compartment and the fourth ventricle, with a progressive dilation of the supratentorial ventricles that finally resulted in DTH. Interestingly, this picture was initially misdiagnosed as a malfunction of the supratentorial shunt. However, the supratentorial ventricles remained large, in spite of very low-pressure external drainage (< 5 cm H 2 O), while the fourth ventricle shunt was left in place. Only the exteriorization of this shunt and a higher drainage pressure of the fourth ventricle solved this problem, further corroborating our hydrodynamic hypothesis. It is worth noting that supratentorial ventricles dilated in spite of the presence of a working shunt or external CSF drainage. Although we would expect a radiological picture of overdrainage with slit ventricles and extracranial fluid collections, this did not occur, probably due to the patient's perinatal history of hemorrhage and infection resulting in the scarification of subarachnoid convexity spaces and the chronic CSF drainage with subsequent fibrotic subdural space.
Interestingly, a similar hydrodynamic mechanism has been described in uncal herniation secondary to posterior fossa shunting. 26 Another condition that eventually shares the same pathogenesis is paradoxical herniation, which is a peculiar form of DTH resulting from intracranial hypotension secondary to lumbar CSF drainage in the absence of protective bone, as occurs during a craniotomy or after decompressive craniectomy. 16, 18 Differently from our case, paradoxical herniation occurs in an unpartitioned and contiguous compartment.
Although the mechanism of DTH due to a CSF pressure gradient without mass lesion needs to be further elucidated, the risk of its occurrence should be kept in mind. To minimize this risk, the endoscopic treatment options aiming at reestablishing the communication between the trapped fourth ventricle and the supratentorial ventricles should be preferred to other strategies based on multiple shunting procedures. The mechanism of brainstem sufferance complicating DTH in the present case deserves further discussion. In fact, DTH, regardless of its etiology, displaces the upper brainstem caudally and causes an abrupt side-to-side compression at the anteroposterior axis of the brainstem. 2 This results in secondary brainstem hemorrhages with a peculiar distribution in the rostral midbrain and in the ventral portion of the pons, presenting in a delayed fashion, that are termed Duret hemorrhages. 1, 8, 17 The pathogenesis of Duret hemorrhages has been hypothesized to consist of 2 mechanisms, stretching and disruption of small central perforating arteries or compression of small rostral draining veins, both ensuing from the abrupt descent of the brainstem against the basilar artery, which is relatively immobilized by the circle of Willis. 23 In the present case, the posthemorrhagic and postinfectious etiology of the hydrocephalus may have contributed to the arachnoidal scarring and relative immobilization of the basilar artery. However, the pathogenetic mechanism based on a minimal pressure gradient between the supra-and infratentorial compartment, and in particular the absence of an increased pressure in the supratentorial compartment, eventually led to a more gradual and subtle distortion of the brainstem and its vessels. According to this hypothesis, MRI revealed ischemic foci in the brainstem, without any signs of hemorrhage.
As a consequence, the absence of hemorrhagic infarction of the brainstem lesions may partly account for the good outcome in the present case. In fact, Duret hemorrhages are generally burdened by a very high incidence of mortality or persistent vegetative state. The poor outcome of most of the cases described in the literature may be partly related to the underlying traumatic etiology, with rapidly evolving mass lesions. Indeed, a nontraumatic etiology, usually consistent with paradoxical herniation after lumbar puncture or rapid correction of hyponatremia, is extremely rare. 13, 16, 18 Good neurological outcome after Duret hemorrhages is seldom reported in adults and is usually related to timely evacuation of the mass lesion that determines DTH. Recently the contribution of brain plasticity has been also invoked to explain the good recovery of 2 pediatric cases with traumatic brain injury. 1 In conclusion, DTH may represent an unusual complication in the management of trapped fourth ventricle. Endoscopic aqueductoplasty, whenever feasible, should be preferred to multiple shunting procedures to avoid the risk of differential pressure between the supratentorial and infratentorial compartment, which is the pathogenetic mechanism of this complication. DTH may cause brainstem sufferance, usually associated with the radiological picture of Duret hemorrhages. Although brainstem sufferance is usually associated with a dismal prognosis, in this setting it may show a more favorable outcome because of the slow and insidious pathogenetic mechanism without abrupt increase of supratentorial pressure.
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